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Table 1 Crystal data and structure refinement of [TPT] [NbCl¢] (1) and [TPT] [NbOCly4] (2)

Empirical formula
Crystal color
Formula weight/g mol™
Crystal size/mm’
Crystal system
Space group

a /pm

b /pm

c/pm

pre

V /pm’ - 10°

z

Deatculated /8 cm’

4 Moko /mm”!
F(000)
Temperature /K
Diffractometer
Monochromator
Wavelength /pm
20range /°

Index ranges

Unique reflections

Data / refined parameters
Goodness-of-fit on F*

R, (I220(D)

WR, (12 20(]))

R, (all data)

wR, (all data)

Largest diff. peak and hole Peak / e - pm™

C1oH;5ClsN,Nb
yellow
604.96

0.28 x 0.26 x 0.25
monoclinic
P2,/c
1321.6(3)
1080.7(2)
1740.2(4)
111.54(2)
2311.8(8)

4

1.738

1.229

1200

223(2)

Stoe IPDS 2
Graphite
71.073

1.00 — 25.02
-15<h<15
-12<k<12
-20<1<20
4087

4087 /331
0.984
0.0543
0.0973
0.0812
0.1194
0.880/-1.139

C,H;sCL,NsNbO
yellow

591.09
0.30x0.29x 0.26
orthorhombisch
Pbcm
1574.4(1)
1047.7(1)
1723.4(1)
90.00
2842.6(4)

4

1.374

0.819

1172

223(2)

Stoe IPDS 2
Graphite
71.073

1.00 — 25.03
-18<h<18
-11<k<12
-19<1<20
2612

2612 /180
1.159

0.0631
0.1070

0.0731
0.1226
0.698 / —1.252
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Table 2 Selected internuclear distances / pm and angles / © for [TPT] [NbClg] (1) and [TPT] [NbOCl,] (2)

Compound 1

Nb - CI(1) 232.1(2) Nb — ClI(4) 235.2(2)
Nb - CI(2) 232.1(2) Nb — CI(5) 236.4(2)
10 Nb — CI(3) 234.6(2) Nb — CI(6) 239.4(2)

©CoO~NOUTA,WNPE

12 CI(1) - Nb—CI(2) 92.4(1) CI(2) - Nb - CI(3) 90.7(1)
14 CI(1) - Nb - CI(3) 89.7(1) CI(2) - Nb — Cl(4) 89.8(1)
15 CI(1) — Nb — CI(4) 90.7(1) CI(2) - Nb — CI(5) 90.8(1)
17 CI(1) = Nb — CI(5) 176.9(1) CI(2) — Nb — CI(6) 177.9(1)
18 CI(1) - Nb — CI(6) 89.7(1) CI(3) - Nb — Cl(4) 179.4(1)

Compound 2

22 Nb-O 169.6(6) Nb - CI(2) 239.8(2)
o4 Nb - CI(1) 239.1(2) Nb - CI(2)' 239.8(2)
25 Nb — CI(1)’ 239.1(2) Nb-N(@3) 245.8(8)

CI(1)~Nb-0 98.1(2) CI(1) - Nb — CI(2) 89.1(1)
29 Cl(2)-Nb-0 97.6(2) CI(1) — Nb - N(3) 82.3(2)
N@3)-Nb-0 179.4(3) Cl(2) - Nb - CI(2) 86.7(1)
32 CI(1) -~ Nb - CI(1)’ 90.8(1) Cl(2) - Nb - N(3) 82.0(1)
CI(1) - Nb - CI(2) 164.2(1) N(3) - Nb - CI(1)! 82.3(2)

1) X,y,—z+ 1.5; i) =x+1, y+1/2, z+1, iii) x, —=y+1/2, —z+1; iv) —=x+1, y+1/2, —z+1/2; v) x, =y+1/2, z+1/2.
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Synthesis, crystal structure and vibrational spectrum of 2,3,5-triphenyltetrazolium
hexachloroniobate(V) and oxotetrachloroniobate(V) acetonitrile, [TPT] [NbClg]
and [TPT] [NbOCIl4(CH3CN)]

Mimoza Gjikaj*, Tao Xie and Wolfgang Brockner

Clausthal-Zellerfeld, Institut fiir Anorganische und Analytische Chemie der Technischen Universitét

Clausthal

Received, 2009

Abstract. Single crystals of 2,3,5-triphenyltetrazolium hexachloroniobate(V), [TPT]
[NbClg], (1) and of 2,3,5-triphenyltetrazolium oxotetrachloroniobate(V), [TPT]
[NbOCI4(CH3CN)], (2) could be obtained and their crystal structures determined. The
yellow compound 1 crystallizes in the monoclinic space group P2,/c (Cay’, no. 14) with
a =1321.6(3), b = 1080.7(2), ¢ = 1740.2(4) pm, = 111.54(2)°, and Z = 4. Its structure
is isotypic to that of the recently characterized [TPT] [SbCls] and built up by [TPT]*
cations and octahedral [NbClg] ™ anions. The light yellow compound 2 crystallizes in the
orthorhombic space group Pbem (Doy'!, no. 57) with a = 1574.4(1), b = 1047.7(1), ¢ =
1723.4(1) pm, and Z = 4. The ionic compound contains [TPT]* cations and
[NbOCI4(CH3CN)] ™ anions. The nitrogen atom of the acetonitrile solvate molecule is
coordinated to the niobium ion in the trans-position to the oxo ligand. The Nb—O bond
length of 169.6 pm corresponds to a double bond. The [TPT] [NbOCI4(CH3;CN)]
formation proceeds with the hydrate [TPT]CI - H,O obvious via NbOCls. The FT-
Raman and FT-IR/FIR spectra of both compounds have been recorded and interpreted,
especially with respect to the inorganic structure parts. The melting temperatures of 1

and 2 are given.

Keywords: 2,3,5-Triphenyltetrazolium hexachloroniobate(V); 2,3,5-Triphenyltetra-

zolium oxotetrachloroniobate(V) acetonitrile; Crystal structure; Raman; IR/FIR
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Introduction

Crystalline niobium pentachloride, consisting of dimeric Nb,Cl; units, forms with the
heavier alkali chlorides MCl (M = K, Rb and Cs) M[NbCls] compounds with octahedral
[NbClg]™ units [1-3]. In case of Na[NbCle] and of the low temperature K[NbClg] phase
[2], another still unknown crystal structure is formed according to X-ray Guinier and
Raman spectroscopic investigations [2, 3]. This is in accordance to the respective phase
diagrams of the NbCls — MCI systems [3, 4]. Secondly, the existence of from [NbCle]
deviating species as e.g. [Nb,Cl;;]™ in dependency of the NbCls : Cl stoichiometry is
still open [5]. The formation of such “acidic” [Nb,Cl;;]” species out of Nb,Cl;p + CI
would be analogous to the formation of well known [Al,Cl;]™ ions [6, 7]. The large
[TPT]" ion could influence the kind of the chloroniobate(V) species in the reaction of

NbCls with [TPT]" [CI]".

Moreover, [TPT]CI is hygroscopic and reacts with moisture to a triphenyltetrazolium
chloride hydrate, ([TPT]CI - H,O) [8]. Besides its chloride ion donor properties this
hydrate can form oxohalide compounds with water sensitive halides. In such a reaction
fortunately and more fortuitously single crystals of [TPT] [NbOCl, (CH3CN)] could be
obtained. Obviously, the formation reaction proceeds via NbOCls. The crystalline
triphenylmethylphosphonium oxotetrachloroniobate(V), [PhsMeP]*  [NbOCl,
(CH3CN)J", characterized until now only, was synthesized by an intricate route via
NbCls with CCI3NO; [9]. Another way to oxotetra-chloroniobates(V) runs via a
synproportionation of niob(V)oxides with NbCls in the presence of CsClI in molten salt
state [10]. The all together rare oxotetrachloroniobate(V) unit is found furthermore in
the uncommon compounds [(nS—C5H5)Nb(CNCMe3)4Cl] [NbOCI«(THF)] - (THF)] [11]
and in Teg(NbOCly), [12]. With the obtaining of single crystals of the title compounds
the opportunity is used to investigate and characterize the new compounds in more

detail.

WiIey—VéH
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Results and Discussion

Crystal Structure of [TPT][NbCl] (1)

Treatment of niobium pentachloride, NbCls, with one equivalent of anhydrous 2,3,5-
triphenyltetrazolium chloride in acetonitrile afforded [TPT] [NbCle] (1) as yellow
crystals. The product shows rapid decomposition on the slightest exposure to the

atmosphere, but the crystals were manipulated under argon.

The complex salt 1 crystallizes in the monoclinic space group P2,/c (no. 14) with four
formula units per unit cell. The asymmetric unit contains isolated [TPT]" cations and

[NbClg]™ anions and its structure is isotypic with [TPT] [SbCl¢] [13] (Fig. 1 and Tab. 1).

Figure 1
Table 1

The packing diagram of 1 shows the face-to-face stacked orientation between the
phenyl rings of the two neighboring molecules, which is caused by intermolecular n---nt
interactions. The closest contact between the neighboring phenyl rings is 369 pm, and it

1s similar to that found in [TPT] [SbCl¢] [13].

In the cationic unit the five atoms in the tetrazolium ring (N(1), N(2), N(3), C(4) and
N(5)) are coplanar. N(1) — N(5) and N(2) — N(3) are equivalent (131 pm). The N(1) —
N(2) bond is much longer than the formers two bonds (2.0 pm). The elongation of this
bond may be ascribed to the repulsion between the relevant phenyl groups. The
deviations of C(6), C(12) and C(18) atoms from the tetrazolium plane are 5.4, —-35.4 and
19.9 pm, respectively. The torsion angles of C(6), C(12) and C(18) phenyl rings are
94.31, -36.81 and 22.05°, respectively. These values agree well with those reported for
[TPT] [SbCle] [13].

The hexachloroniobate anion is approximately octahedral coordinated by six chlorine

atoms. The metal—chlorine bond distances range from 232.1(2) to 239.4(2) pm (mean

WiIey—VéH
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value of 235.0 pm). The cis-Cl — Nb — Cl angles range from 89.7 to 92.4°, and trans-Cl
— Nb — Cl angles of 176.9 and 179.4° in the equatorial positions, and 177.9° in the axial
positions (Tab. 2). These values agree with those of reported hexachloroniobate(V) salts

[14-17].

Table 2

Crystal Structure of [TPT] [NbOClL(CH3;CN)] (2)

Reaction of 2,3,5-triphenyltetrazolium chloride monohydrate with NbCls in 1:1 ratio led
to precipitation of yellow crystals of title compound 2. [TPT] [NbOCIl4(CH3;CN)]
crystallizes in the orthorhombic space group Pbcm (no. 57) with four formula units per
unit cell. The crystal structure of 2 consists of discrete [TPT] cations and

[NbOCI4(CH3CN)] anions (Fig. 2).

Figure 2

The [NbOC14(CH3CN)]™ ion has C4y symmetry long known for oxotetrahalometallate
anions of the early transition metals [18, 19]. The niobium atom is displaced by 33 pm
toward the oxo ligand from the best mean plane through the four chlorine atoms. The
short Nb—O bond of 169.6 pm is comparable to those found for [(n’-
CsHs5)Nb(CNCMes)4CI][NbOCI4(THF)] - THF [11] and TI[NbOCl4] [20] and indicates
multiple bond character while in the trans-position the long Nb—N(3) bond of 245.8 pm
indicates only weak bonding (Fig. 3 and Tab. 2). The coordination of the acetonitrile
molecule is linear with Nb—N(3)—C(14) of 178.9 and N(3)-C(14)—C(15) of 179.1°. The
Nb-Cl bond lengths range from 239.1 to 239.8 pm. The cis-Cl — Nb — CI angles range
from 86.7(1) to 90.8°, and the trans-Cl — Nb — CI angle is 164.2° in the equatorial
positions and they compare well with those of known hexachloro-niobate(V) salts [9,

21].

WiIey—VéH
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The contacts between anions and cations [C(12)-H(12)---C1(2) 376.0(1) pm, C(9)-
H(9)---CI(1) 376.7(1) pm] exist as weak C — H --- Cl interactions involving four [TPT]"
cations and one one [NbOCIl4(CH3;CN)| anion [22]. The whole structure can also be

seen as being from alternating layers along b axes, in which the [TPT]" cations and the

[NbOCI4(CH3CN)] anions are linked by hydrogen bonds (Fig. 3).

Figure 3

Vibrational spectra and assignment
2,3,5-Triphenyltetrazolium hexachloroniobate(V), [TPT][NbCl4], (1)

According to the crystal structure determination the title compound 1 is built up by
[TPT]" cations and [NbClg]” anions. These units can be clearly detected in the
vibrational spectra of 1 (Fig. S1 / Supporting information).

The relevant vibrational modes of [NbClg]™ are summarized in Table 3 along with the

proposed assignment and in comparison to literature data [2, 23].
Table 3

The [TPT] cation exhibits approximately C, symmetry, therefore all its vibrations are
Raman active and infrared allowed, what is also verified by its whole vibrational
spectrum. The [TPT]" vibrations result in their characteristic modes for the aromatic -
C-H stretchings and bendings as well as for the phenyl ring and the tetrazolium
heterocyclus modes. The corresponding Raman as well as IR bands are very similar to
those of [TPT]* [CI]” [24] and [TPT] [SbClg] [13]. The relevant [TPT]" Raman and IR

modes may be taken from footnote 1.

WiIey—VéH
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Octahedral [NbClg]™ units (O, symmetry) are here the more interesting inorganic
components of the crystal structure of 1. A vibrational analysis for such a unit results in

[25]:
I i, (INBClg] / Oy ) = Ai; (RE) + E; (RE) + 2 Fiy (IR) + Fag (RE) + Fy, (i.a.),

with RE = Raman, IR = Infrared and i.a. = inactive, and with A, + E; + Fy, as

stretchings and Fy, + Fy, as bendings.

The Raman as well as the IR/FIR spectra of 1 do not exhibit the expected pattern of a
[MCl¢] octahedron, but they show much more vibrational modes. It is also noteworthy
that the selection rules and the rule of mutual exclusion do not have an effect, so that the
[NbCle]™ fundamentals appear in the Raman as well as FIR spectrum. According to the
crystal structure determination, the [NbClg]™ ion is built up octahedrally, so that the
sketched peculiarities are caused by symmetry lowering of the anion by the crystal
lattice of 1 (removal of degeneracy). (In the monoclinic [TPT] [NbCls]: P2,/c (C2h5), Nb
is on the general position of 4e, what means site symmetry C; for Nb respective

[NbCls]).

In detail, the very strong Raman mode at 370 cm™' and the medium FIR band at 372
cm™! can be assigned to v; in Ay, (Table 3). The very strong and remarkable broad FIR
bands at 341/331 cm™ show a Raman counterpart at 339 cm™ and they belong to vs /
Fiu. v2 / Eg is split and existent not only in Raman but also in FIR spectrum. The
bending mode vs /Fy, , in Raman at 173 cm ', is present in FIR spectrum and it is split.
Only v4 / F, appears in the FIR spectrum at 161 cm™ as a very strong band. Altogether,
our presented vibrational data are in agreement with these given in [2, 23], as well as

with those of [Et;N]" [NbCl¢]™ [26]. Further details may be obtained from Tab. 3.

WiIey—V&H
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2,3,5-Triphenyltetrazolium oxotetrachloroniobate(V) acetonitrile adduct,[TPT]
[NbOCLl,(CH;CN)], (2)

Title compound 2 is built up by [TPT] cations, [NbOCls (CH3CN)] anions. Additional
acetonitrile solvate molecules are included in the crystals, likely as fluid inclusions. In
the vibrational spectra of 2 the mentioned building components can be clearly
recognized. The acetonitrile is weakly coordinated to Nb in the complex anion
confirmed by the Nb—N distance 245.8 pm. The two different acetonitrile components
can be clearly distinguished by their CN- stretchings in the range 2320-2250 cm ™.
Raman and IR bands in this region are split due to Fermi resonance [27] and shifted by
about 20 cm™' to higher wave numbers in comparison to these ones of liquid acetonitrile

[28-30] and in accordance to other weak bounded acetonitrile adducts [19, 31].

The Raman and IR/FIR spectra of crystalline compound 2 are shown in Fig. S2 /
Supporting information. In this contribution, the main interest is directed on the
inorganic [NbOCly]™ respective [NbOCl4(CH3CN)]™ group. Therefore, the relevant
[NbOCI4]™ vibrational modes of crystalline 2 in the spectral region below 1000 cm™ are
presented in Table 4 along with their estimated intensities and the proposed assignment.
All the vibrational frequencies of compound 2 with marked peculiarities (in parenthesis)
are given as footnote 2 below Table 4 as well as the values of acetonitrile for

completeness reasons.
Table 4

As in title compound 1, the [TPT]" vibrations of 2 are Raman active and infrared
allowed and they are found in the characteristic group frequency ranges. The [TPT]"
Raman as well as IR bands are very similar to those in [TPT] [NbCle] (c.f. footnote 1),
[TPT]" [CI]” [24] and in [TPT][SbCls] [13]. All the relevant [TPT]" Raman and IR

modes are summarized in footnote 2.
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Due to the weak acetonitrile coordination the anionic spectral parts are best interpreted
by [NbOCl4]™ units rather than by [NbOCIl4(CH3CN)]™ ions as in the first structurally
characterized saltlike complex triphenylmethylphosphonium oxotetrachloroniobate(V)
acetonitrile, [PhsMeP]" [NbOCI4(CH3CN)]™ [9]. The square pyramidal [NbOCl4]~ group

exhibits C4y symmetry. A vibrational analysis for this unit results in [32]:
L, (ONDCL] /Cay )= 3 A; (IR, RE) + 2 B; (RE) + B, (RE) + 3 E(IR, RE),

with IR = Infrared and RE = Raman, and with 2 A; + B; + E as stretchings and the

remaining A; + B; + B, + 2 E as bendings.

The Raman and IR/FIR frequencies for [NbOCl4(CH3CN)]™ in crystalline [Ph;MeP]
[NbOCly (CH3CN)] are given and assigned in part only [9]. Furthermore, NbOCl;-
NbCls-CsCl melts have been investigated by Raman spectroscopy [10] and the
characteristic [NbOCly]™ frequencies were determined therefrom. The given
interpretation of the Raman data has been assisted by quantum mechanical ab initio
SCF (Self Consistent Field) calculations. The included calculations of the [NbOCl,]~
frequencies and their PED (Potential Energy distribution) values were done with help of
the programs GAMFORCE [33] and MOLVIB [34].

In the Table 4 our [NbOCl4] vibrational modes of crystalline 2 are presented along
their proposed assignment based on the mentioned PED data and in comparison to the
vibrational frequencies of [NbOCl4]™ given in [10]. According to that (Fig. S2 and Table
4) v(Nb=0) is proved by the strong band at 945 and 955 cm™, respectively. The bands
at 341/330 and 244/243 cm™' belong to NbCl, stretchings whereas these ones at 168/175
cm™' are NbCly bendings. The Raman band at 140 cm™ is attributed to a ONbCly
bending. Bands below 100 cm™ may be ascribed to so-called lattice vibrations.
Herewith our proposed assignment of the anionic unit differs considerable from this one

of the [Ph;MeP]" salt [9] especially due to the differences in the FIR spectra.

WiIey—VgH
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Concluding remarks

Two new niobate compounds, 2,3,5-triphenyltetrazolium hexachloroniobate(V) (1) and
oxo-tetrachloroniobate(V) acetonitrile (2), have been synthesized. The identity and
purity of the synthesized compounds were confirmed by elemental analysis, infrared

and Raman spectroscopy, and single X-ray diffraction.

In compound 1, no hydrogen bonds are found between the octahedral [NbCle]™ anions

and 2,3,5-triphenyltetrazolium cations.

Title compound 2 could be obtained by the reaction of [TPT]CI - H,O with niobpenta-

chloride in acetonitrile according to

[TPT]CI - H,O + NbCls (in CH;CN) — [TPT]" [NbOCIl4(CH;CN)]™ + 2 HCI

As expected, [NbOCIl4(CH3CN)]™ exhibits C4y symmetry and Nb>*is coordinated by one
oxygen, four chloride ions and one acetonitrile molecule. The niobium is displaced by
33 pm toward the oxo ligand from the best mean plane through the four chlorine atoms.
The short Nb—O bond of 169.6 pm indicates multiple bond character while in the trans-
position the long Nb—N bond of 245.8 pm indicates only weak bonding. The
[NbOCI4(CH3sCN)]” anion is hydrogen bonded to four 2,3,5-triphenyltetrazolium

cations.

Experimental Section

Materials and Methods: All manipulations and chemical reactions were carried out in
a dry argon atmosphere using standard Schlenk, vacuum-line and glove-box techniques.
NbCls was sublimated for purification, and 2,3,5-triphenyltetrazolium chloride
monohydrate (Fluka) was used without additional purification. CH3CN was distilled and
dried by P4Ojo. Obviously, the commercial anhydrous [TPT]Cl contained water,

therefore the “anhydrous” 2,3,5-triphenyltetrazolium chloride was dried under reduced

WiIey—VleH
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pressure in Schlenk tubes (120-130 °C, 2 h). The melting points of 1 and 2 were

measured on a BUCHI 520 apparatus and they are uncorrected values.

2,3,5-Triphenyltetrazolium hexachloroniobate(V) (1): 352.8 mg (1 mmol) [TPT]CI -
H,0 and 270.4 mg (1 mmol) NbCls were mixed in a Schlenk tube. The mixture was
kept for at 140 °C for 3 h. Upon cooling 15 mL CH3CN was added forming a yellow
clear solution. After some days the yellow, block-shaped crystals were formed.
Ci9H;5ClgN4Nb: calc. C 37.72, H 2.50, N 9.26; found C 37.32, H 2.53, N 9.10. The melting

temperature was found to be 128 °C.

2,3,5-Triphenyltetrazolium oxotetrachloroniobate(V) acetonitrile (2): Compound 2
was synthesized by using the same method as that for compound 1, except for the
replacement of [TPT]CI - H,O by dried [TPT]CI. Upon cooling to room temperature,
yellow, block-shaped crystals formed. C,;H;sCl4NsNbO: calc. C 42.67, H 3.07, N 11.85;
found C 41.99, H 3.11, N 11.21. The melting temperature was found to be 154 °C.

X-Ray diffraction analysis

Since both compounds are sensitive towards hydrolysis by moist air and the selection of
crystals was performed in an argon filled glove box. Crystals were transferred into glass
capillaries which were sealed. The crystals selected had the size 0.28 - 0.25 - 0.20 mm’
for [TPT] [NbClg] and 0.30 - 0.26 - 0.25 mm” for [TPT] [NbOCI4(CH;CN)]. All data
were collected on a Stoe IPDS-II single-crystal X-ray diffractometer with graphite
monochromated Mo K, radiation (4 = 0.71073 10\) at 223 K. Crystal structure solution
by direct methods using SHELXS-97 [35] yielded in all cases heavy atom positions.
Subsequent difference Fourier analyses and least squares refinements with SHELXI.-97
[35] allowed localization of the remaining atom positions. The H positions of [TPT]"
were determined by a final difference Fourier Synthesis. In compound 2 the H atoms of
acetonitrile molecule couldn’t be located. Crystal data and structure refinement
parameters of structures are summarized in Table 1. For the preparation of the structure

drawings, programs Diamond [36] and POV-Ray [37] were applied.
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Further details on the crystal structure investigations may be obtained from Cambridge
Crystallographic Data CCDC 723597 for compound 1 and CCDC 723596 for

compound 2.

FT- Raman and FT-FIR/IR spectra

FT-Raman spectra were recorded from crystalline samples of the title compounds in
sealed silica tubes with a Raman module FRA 106 (Nd:YAG laser, 1064 nm, 200 mW)
attached to a Bruker IFS 66v interferometer. The FT-IR/FIR spectra were obtained with
the mentioned interferometer from solid sample material of 1 and 2 “sandwiched”

between Csl and PE pellets, respectively
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Table headings

Table 1  Crystal data and structure refinement of [TPT] [NbCle] (1) and [TPT]
[NbOCl4] (2)

Table 2 Selected internuclear distances / pm and angles / ° for [TPT] [NbCls] (1) and
[TPT] [NbOCl4] (2)

Table 3 Raman and FIR frequencies (cm_l) of crystalline [TPT] [NbCls] in the [NbCle]™
relevant spectral region below 500 cm™ along with their estimated intensities and

proposed assignment

Table 4 Vibrational frequencies (cmﬁl) of [NbOCly] in title compound 2 in the relevant
spectral region below 1000 cm™ along with their estimated intensities and proposed

assignment and in comparison to literature data

Figure headings

Figure 1 View of the crystal structure of [TPT] [NbCl¢] along the b-axis.
Figure 2 View of the crystal structure of [TPT] [NbOCIl4(CH3CN)] along the a-axis.
Figure 3 Interaction (dotted lines) between two [TPT] cations and one

[NbOCI4(CH3CN)] anion in compound 2. (The rest of hydrogen atoms are not displayed
for clarity).
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Table 3 Raman and FIR frequencies (cm™) of crystalline [TPT] [NbClg] in the [NbCl¢]™ relevant

spectral region below 500 cm™' along with their estimated intensities and proposed assignment

Raman FIR [NbClg]™ Assignment / Oy,

©CoO~NOUTA,WNPE

2, 23]° mode description

12 370 vvs 372 m 375 vs, br Vil A v
14 339 w 341vs, br 333 vs, br w3/ By Vi
16 331 vs, br

18 292 vw [TPTT*

260 w 275 m 287 w va/Eg:v
23 246 w 268 sh

25 173 s 188 vw 182 m, sh Vs/ Fp: 0
27 174 sh 177 s

29 161 vvs 176 s val Fiy: 0
31 163s

33 137 sh 144 vww (Ve/ Fay 2 8)?
118 sh Lattice vibration

38 104 s Lattice vibration

39 Estimated intensities: s: strong, m: medium, w: weak, v: very, sh: shoulder, br: broad. v: stretching, o:

40 bending. ® [2]: Raman for [TINbCIg]; [23]: FIR for [KNbClg].

43 Footnote 1. Raman (cnf1 / intensity) of crystalline [TPT] [NbCls] : 3161 vw, 3080 sh, 3068 s, 3045 sh, 1607
45 vvs, 1583 s, 1527 vs, 1485 m, 1457 s, 1410 sh, 1394 w, 1354 vvs, 1336 vw, 1306 w, 1285 vw, 1220 w-m,
46 1181 w, 1074 w, 1042 sh, 1005 vs, 993 vs, 830 vw, 729 vw, 684 vw, 624 vw, 608 vvw, 523 vvw, 406 vw, 370
48 vvs, 339w, 292 vw, 260 w, 246 w, 173 s, 137 sh, 118 sh, 104 s.

49 IR/FIR (cm‘l / intensity) of crystalline [TPT] [NbClg]: 3175 vw, 3087 w, 3064 m, 3047 sh, 1608 s-vs, 1575
51 sh, 1528 vs, 1487 vs, 1470 sh, 1458 vvs, 1357 w-m, 1300 s, 1273 w, 1172 s, 1158 vs, 1145 m, 1105 m, 1075
52 m, 1030 m, 998 vs, 918 m, 788 s, 764 vvs, 755 vvs, 730 sh, 726 vvs, 687 vvs, 670 sh, 618 w, 607 vs, 520
54 m, 508 m-s, 490 s, 440 vvw, 423 vvw, 403 vvw, 372 m, 341 vs, br, 331 vs, br, 275 m, 268 sh, 188 vw, 174
55 sh, 161 vvs, 144 vvw.
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Table 4 Vibrational frequencies (cm™) of [NbOCL,] in title compound 2 in the relevant spectral
region below 1000 cm™ along with their estimated intensities and proposed assignment and in

comparison to literature data

Page 23 of 23

Raman IR/ FIR [NbOCl,] [10] Assignment / Cy,, mode description
945 s 955 vs, 945 vs 942 - 962 vi/A;:vNb=0
341 m-s 330 vvs, br 312 -333 vol Ay ve NbCly
168 w 175w 150 v3/ Ay : 0 NbCly
268 v4/ By : v NbCly
(141) calc. vs/ By : 6 NbCly
140 w-m 165 ve / B, : 6 ONbCly
337 sh 330 vvs, br 313 -315 v;/ E : vys NbCly
244 s 243 s 232 - 237 vg/ E : 0 NbCly
(47) calc vy / E : 0 ONDbCly / or lattice vibration

Estimated intensities: s: strong, m: medium, w: weak, v: very, sh: shoulder, br: broad, v: stretching, o:

bending.

Footnote 2. Raman (cm"1 / intensity) of crystalline [TPT] [NbOCIl4(CH;CN)]: 3166 vw, 3069 s, 3050 sh,
2935 m (AN), 2297 w-m (v NC), 2290 vvw, sh (AN), 2272 w-m (v NC), 2256 w (AN), 1606 vvs, 1584 s,
1530 vs, 1487 m, 1457 s, 1409 w, 1376 vs, 1337 w, 1303 w, 1278 vw, 1240 w, 1166 w-m, 1079 w, 1033 vvw,
1025 w, 1003 vs, 994 sh, 945 s (v Nb = O), 926 w-m (AN), 833 w, 734 w, 679 w, 610 w, 519 w, 440 w (AN),
403 w, 376 w (AN + TPT), 341 m-s, 337 s, 295 vvw (TPT ?), 244 s, 168 w, 140 w-m, 95 vvs.

IR/FIR (cm’1 / intensity) of crystalline [TPT] [NbOCI,(CH;CN)]: 3095 w, 3065 m, 2932 w (AN), 2311 sh
(v NC), 2298 m (AN), 2274 m (v NC), 2256 w (AN), 1608 s, 1530 vs, 1486 vs, 1469 sh, 1458 vs, 1405 w,
1370 w-m, 1365 sh, 1337 vw, 1300 m, 1236 w, br, 1180 sh, 1160 vs, 1145 m, 1101 w, 1075 m-s, 1030 m-s,
1025 sh, 998 vs, 954 vs + 945 sh (v Nb=0), 926 s (AN), 870 vw, br, 834 vw, 786 sh, 764 vvs, 730 sh, 724 s,
686 vvs, 620 vw, 608 vs, 519 m, 468 vw, 441 vvw, 330 vvs, br, 243 s, 175 m, br. [AN : Acetonitrile].
Acetonitrile: Raman (cm"l / intensity): 2999 vw, 2942 vs, 2292 vw, 2251 s, 1374 vvw, 919 w, 379 vw [28].
Acetonitrile: IR (cnf1 / intensity): 3164 w, 3002 w-m, 2944 w, 2292 m, 2252 vs, 1444 s, 1375 s, 1039 m-s,
918 m, 750 w [28-30].
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